The paper proposed a parallel collision detection algorithm based on bounding box-tree. 
Introduction
Collision detection is a fundamental issue in many research fields. It has been studied in a number of different communities, including robotic, computer graphics, computer-aided design, and computer geometry [1, 2] .
When there are multiple objects in a virtual environment, how fast collision detection between multiple objects to meet the requirements of real-time simulation system is an important part of virtual reality. To improve collision detection technology of virtual environment has become an important research goal in a dynamic real-time Simulation [3] .
Bounding box has been widely used recognized as a better means of collision detection. The core idea of hierarchical bounding box is that bounding box with slightly larger volume and simple geometric properties is used to describe the complex geometric objects [4] . It gives a rough estimate to the collision detection by whether bounding box overlap. In addition to, the algorithm constructs hierarchical bounding-box to approach the geometric model step by step to improve the detection accuracy [5] .
The typical types of bounding box are the bounding box along the axis AABB (Axis Aligned Bounding Box), surrounded by the ball (Sphere), and oriented bounding box (Oriented Bounding Box) [6] . Cube bounding box is used the most in history. It is quite simple at building the bounding box and collision detection algorithm. And it did not rotate with the rotation of object, so the updating method is very simple. But its tightness is not good. Bounding box surrounded by the ball is like a cube bounding box, its method is simple and tightness is bad. The Oriented Bounding Box was surrounded closely, but its collision detection algorithm is very complex.
Before giving the bounding box algorithm, we introduce the basic collision detection method based on intersection.
The basic collision detection method based on intersection.
In the early 70s, the researchers of the field of computational geometry became interested in the intersection of the problem [7] . Moore collision detection algorithm [8] . At first, it determined whether vertices of each polyhedron contained each other. If contained, the collision happened. There are N convex polyhedron, and each polyhedron has M vertices. The algorithm time complexity is O (n2m2). The concave polyhedron will be divided into convex polyhedron to handle. Hubbard made a collision detection algorithm in order to ensure interaction [9] , he uses a "space -time defined (space-time bound)" four-dimensional structure, which makes testing procedures can dynamic adjust the collision detection precision in according to the real-time interactivity requires. The system obtained the necessary real-time interaction time. Ren Shijun also gave a fast algorithm, which determined whether a convex space bounded by linear inequalities is empty [10] . The algorithm uses a set of linear inequalities
t o exp ress a convex space, shown in Figure 1 . If we will determine whether the two convex polyhedron had intersection, the easiest way is to combine two convex polyhedron's linear inequalities into the one linear inequalities [11, 12] . It is the convex space bounded by two convex polyhedrons. We can directly determine whether the convex space bounding by inequalities is empty. If empty, two convex polyhedrons has no intersection.
The precision of the collision detection algorithm based on intersection is high. But the high precision need high model's precision [13] . The precision of model is more high, the scale of problem is bigger [14, 15] . The algorithm's time is exponential growth with the scale of the problem. When the scale of the problem size is large enough, the real-time of collision detection will not be guaranteed. How to resolve this contradiction? We tried to use the bounding box method to improve collision detection real-time [16, 17, 18] .
Building hierarchical bounding box-tree.
As shown in Figure 2 .A, the irregular structure of a space object, we can use two-layer convex hulls as the bounding box [19] . As shown in Figure 2 .B, P is the outermost layer of the bounding box, x, y and z is the second layer bounding box. They constitute a two-layer bounding box tree. It is as shown in Figure 2 .C, when system detects two objects, it detect the outer bounding box at first. If collision happens, then detect the second layer. If there is collision, the acute collision detection will be done. According to the above basic principle of bounding box, we can see it is very important to divide a complex space into several parts of the right size [20] .
The Algorithm of building bounding box
According to the previous work and experience, we designed a collision detection algorithm based on bounding box-tree, which further improve the efficiency of collision detection. At first, we designed an algorithm of building bounding box, which is as follows:
Step 1. Build the polyhedron box as the root node of the box-tree.
Step 2. Using Polyhedrons' dividing algorithm [21] , the original polyhedron is divided a set of tetrahedron. Divide the box into two boxes. The tetrahedrons are put in the two boxes. The number of the tetrahedrons of the two box are equal.
Step 3. Divide the child box again until satisfy one of the two conditions. Condition 1. The layer of the box tree gets to the max-layer given in advance. The max-layer is decided by the number of tetrahedrons. The tetrahedrons are more, the layers of box are more.
Condition 2.Only one tetrahedron is in the child box. Maybe two child box contain the same tetrahedron. But this can not impact the collision detection. A box-tree is seen in Figure 3 .
The Improved Algorithm of building bounding box
To ensure the high precision, the algorithm constructs hierarchical bounding box to approach the geometric model step by step to improve the detection accuracy. In order to further approximate the geometric model, we improved the algorithm to build the hierarchical bounding box-tree, which is as follows:
1. The original polyhedron is as the first layer of the bounding box. 2. Using Polyhedrons' dividing algorithm, the original polyhedron is divided a set of tetrahedron. The collection of tetrahedron is the second layer of the bounding box.
3. Selecting a tetrahedron from the box-tree, whose longest edge is divided into two edges. The tetrahedron is divided into two tetrahedrons. Figure 4 is as follows, taking the midpoint P5 of edge P3P4, the tetrahedron is divided into tetrahedron P1P2P3P5 and tetrahedron P1P2P4P5. 4. Repeat step 3 until the edges of tetrahedron are less than ξi (i ≥ 3), and that these tetrahedron is the i-layer of box-tree. ξi is a predetermined value, which is bounding the maximum edge of the i-layer.
5. Repeat steps 3 and steps 4, building the bounding box tree. The first layer of the bounding box is a complete polyhedron model. On the second layer the polyhedron is dividing into a number of tetrahedron. On the third layer the tetrahedron is split into smaller tetrahedron, and its maximum edge length is less than or equal to ξi. Each node of bounding box tree contains two child objects: polyhedron objects and bounding boxes. Polyhedron object is used for precise collision detection. Bounding box is used for fast and rough testing.
Each node of the bounding box tree contains two objects: polyhedron objects and bounding boxes. Polyhedron objects are for precise collision detection, and bounding box is for fast, rough testing. LSD(Last Shortest Distance) is the two objects' shortest distance in last detection. LS(Last Speed) is the relative motion speed in last detection. LC(Last Collision) is that two object have collided in last detection. LND,LS and LC provide a priority for collision detection. Collision detection system determined whether we have the collision detection and the detection range according to the priority and the system current load level.
For example, there are two far apart objects and their movements are relatively slow at that time. If the system's load is heavy, then there is no need for collision detection. We will describe in detail the collision detection algorithm based on bounding box tree.
Collision Detection Algorithm based on bounding box-tree
Arbitrary polyhedron A and polyhedron B, when A and B collide only if the establishment of at least one of the following three conditions: 1. at least one edge of polyhedron A and a facet of a polyhedron B intersects; 2. at least one edge of polyhedron B and a facet of a polyhedron A intersects; 3. polyhedron A contains the polyhedron B or B contains the polyhedron A.
Search Algorithm of Collision Detection
According to the necessary and sufficient conditions, we provided the search detection algorithm, which starts to search from the roots.
Step 1: Create the bounding box-tree of two polyhedron;
Step 2: Take the current nodes of the two trees to detect, if collide, go to step 3, if no collision, go to step 4.
Step 3: Determine whether the current node is leaf node, if it is, write down the node, return (and accurate test to determine whether it is a real collision.) If it is not leaf node, then take all the child nodes of the tree as the current nodes, go to step 2.
Step 4: If the current node has no brother nodes to detect, it indicate no collision, and returned. If the current node has brother node to detect, go to step 2.
When the two objects collide, the collision will be detected at the same area with large probability next times. So we also made some changes to improve the algorithm. We search the bounding box-tree from bottom to top, and the improved algorithm is as follows:
Step 1: the nodes collided last time as the current node.
Step 2: Determine whether the current nodes collide, if they collide, the algorithm returns the end, if no collision, go to step 3.
Step 3: Detect the brother nodes of the current node, if collide, the algorithm is over; If no collision, then take the parent nodes as the current node, and go into the higher level of the tree, go to Step 2 .
The main purpose of the second method is to quickly determine whether the objects which had collision last times collide or not at this times. The algorithm starts to detect box-tree from the bottom of the tree and immediately exit after the collision is detected, so the algorithm only update some nodes' information. In order to update information in time, we placed out-time counters at the root node. The value of the counter is plus one after each bottom-up search. If the counter value exceeds a certain reset value, we will use the first algorithm, top-down search algorithm.
The Improved Search Algorithm
Supposing there are n objects in working environment, each object is divided into m tetrahedron on average. In order to know the location of all objects, all two objects are required to be detected. We call it as a round of collision detection. And t-round of collision detection are required per second. If there is no certain priority policy, the system can not complete the real-time collision detection.
In order to improve the detection speed, we create a certain priority policy. We gave a priority list of collision detection of the objects. System detected these objects in turn according to the order of priority list. We will give up some of the low priority node detection. We define the priority function P, which is as follows:
P is function of bCollision, V and Dmin. BCollision is LC or not. Dmin is LND. V is LS. Length1 and Length2 are two objects' the average width. The physical meaning of the ratio Dmin/(Lengh1+Lenggh2) is the relative distance of two objects The value of P is [-1,1]. When the value of P is 1 means LC and we must detect the objects this times. When the value of P is less than 1 and more than 0, it is no LC and the distance between two objects is very close. We will give the priority according to the speed. When the value of P is less than 0 indicates that two objects are far apart. We give the priority according to the speed, too. When the P is equal to -1 , it means that two objects are far apart, and the relative speed is zero. We can give up the detection of the node when the value of P is less than a predetermined value. The counter C record the number of node whose detection are abandoned. When C is more than the predetermined value, the system will detect C and the counter C is equal to 0. The priority list of the algorithm greatly improved the efficiency of collision detection, and we can select the collision detection range according to the priority and the system current load level.
The application of time-out counter avoided the occurrence of missing detection. Below we will describe the collision detection search algorithm based on bounding box-tree.
We improved two kinds of search algorithms: top-down and bottom-up search algorithm. The first top-down search algorithm is suitable for the LC objects, or objects whose counters were out time. The algorithm started to detect from root. The algorithm is as follows:
Step 1. Detect the root nodes (using the bounding box test), if collide, enter the next level, if no collision, then calculate "shortest distance", "speed" and "whether collide or not" and other information, and back. Step 2. Go to next layer, detect tetrahedrons (at first, bounding box method, if collide, detect the tetrahedron.). Update "shortest distance", "speed" and "whether collide or no" and node information According to test results.
Step 3. Repeat step 2 until finish the detection of last layer.
Step 4. Update information of the new root by the minimum of "shortest distance", the maximum of "speed" and "whether the collision".
The second bottom-up search algorithm is suitable for LC object. The algorithm is based on the idea that the LC object will collide this times with large probability. Therefore, the algorithm tries to start detecting tetrahedron of the lowest level of the bounding box-tree, which is as follows:
Step 1.According to the shortest distance of the first algorithm, the two objects which have "minimum distance" are as the current node.
Step 2.If the current nodes collide, the algorithm returns the end; If no collision, go to step 3.
Step 3.Detect the brothers of the current nodes, if collide, the algorithm is over. If no collision, then the parent node is the current node, go to the Step 2. In summary, the collision detection priority gives the detection order of the objects. The search collision detection algorithm based on the bounding box-based tree can provide fast, accurate detection. The first top-down search algorithm can give accurate calculation of collision detection, and provides collision site, the distance between objects, speed and other information. The second bottom-up search algorithms is suitable to the LC object. Its can quickly determine whether the objects collide or not. The second algorithm avoids a lot of unnecessary testing at large extent.
As the bounding box object is only a rough representation of the object. low Its precision is relative low, so the bounding box testing is not enough to collision detection. Detection accuracy and the real-time are constraint to each other. They constitute a contradiction. How to resolve this contradiction? In order to simultaneously achieve the good real-time and the high detection accuracy, we will give a solution by parallel method.
Parallel Bounding Box Algorithm
It is a simply and efficient to improve the collision speed by parallel method [22, 23] . It must accommodate parallel method's two requirements.
1. The problem can be decomposed into many child problems. 2. There is little relativity among the child problems. On the base of the dividing polyhedron, the collision detection problem of the complex polyhedrons can be transferred to collision detection of simply tetrahedrons, which accommodate the first requirement. The collision detection of the every pair of bounding box of tetrahedrons is independent of the other ones, which accommodate the second requirement of parallel method. Thereof, we propose a parallel collision detection algorithm based on the bounding box-tree.
The parallel program uses many nodes to compute. Each node runs a process. Our basic bounding box algorithm for collision detection will not change. We only parallel detect the bounding box with the computer node. So the parallel method is feasible and it can improve the real time of collision detection.
We implement the parallel algorithm by MPI program model. We design the program by master-slave model. The master process controls the synchronization of the data. The assistant process updates the information and computes determine whether collision take place.
Test Result and Analysis of Performance
In order to better analyze and compare the parallel collision detection algorithm based on bounding box-tree, we designed a virtual environment composed of many objects. Parallel bounding box algorithm used many nodes to compute. Each node is a computer with two CPU. Each node runs a process. We used six nodes. Our basic collision detection algorithm is based on intersection. The parallel algorithm keeps the high precision of the traditional intersection algorithm. The box-tree method improved the speed of detection. Furthermore, the bounding box algorithm can be applied to collision detection of arbitrary polyhedrons.
The test result is shown in table 1.The detection time of the algorithm is very sensitive to whether the objects collide or not. If no collision, the algorithm uses the bounding box method to detect no collision quickly. If the objects collide, the polyhedron will be detected precisely, which makes the detection time increases rapidly; but only a small part of the boxes' tetrahedron will be parallel detected, the detection time is still within the acceptable range. If the speed of the algorithm can not meet our requirement, we can increase the node to solve the problem. As shown in table 1, the first collision happened between polyhedron with 100 facets and polyhedron with 500 facets. The second collision happened between polyhedron with 100 facets and polyhedron with 900 facets. Before the first collision happens, the outermost layer bounding box of the object quickly eliminated the possibility of collision. The other layers' nodes need not detection. The detection time remained at about 0.001s. After the first collision, the detection time increased a lot. The system had completed the top-down search. The bounding box was been detected firstly, when collision happened, the tetrahedrons would be parallel detected. The detection time has a significant increase, which was 2.35s. After the first collision, we began bottom-up search. The system can very quickly determine whether the collision occurred or not. The detection time decreased quickly, which remained at about 0.002s. The top-down search will not be use until the counter is time out. When the second collision happened, the detection time had a significant increase for second time, and the down-top search would be use again.
Conclusion
We build the hierarchical bounding box -tree by dividing the polyhedron into tetrahedron. The collision detection can be completed by the method searching the bounding box-tree from top to bottom or from bottom to top. The first top-down search algorithm can give accurate calculation of collision detection, the second bottom-up search algorithms is suitable to the object which collides. The algorithm quickly eliminated the possibility of collision between objects far apart. And it well adapted to the needs of the dynamic collision detection. The application of parallel method improves the collision speed for further step. Test results showed that the algorithm greatly improved the collision detection's efficiency in virtual environment.
